The 500 MeV synchrotron of Argonne's Intense Pulsed Neutron Source operates at 30 Hz. Its beam spill must be locked to neutron choppers with a precision of + 0.5 vs. A chopper and an accelerator have large and different inertias. This makes synchronization by phase lock to the 60 Hz power line extremely difficult. We solved the phasing problem by running both the Ring Magnet Power Supply (RMPS) of the synchrotron and the chopper motors from a common oscillator that is stable to 1 ppm and by controlling five quantities of the RMPS. The quantities controlled by feedback loops are dc current, injection current, ejection current, resonant frequency, and the phase shift between the synchrotron peak field and the chopper window.
Introduction
At Argonne National Laboratory a Rapid Cycling Synchrotron (RCS) accelerates protons from 50 to 500 MeV at a 30 Hz repetition rate. An economical way to energize the ring magnets of the RCS is with a series resonant network where the RMPS compensates for circuit losses.1 Figure 1 is a block diagram of the RMPS and its waveforms. The RCS has single-turn extraction. The extracted beam hits a target which serves as an Intense Pulsed Neutron Source (IPNS) providing up to 7 x 1014 neutrons per pulse at energies ranging from 25 x 10-3 eV to 100 eV. In the neutron's flight path, is a chopper comprised of a rotating cylinder with a slot that allows selected neutrons to bombard a sample under investigation. Figure 2 With the RCS and chopper phase locked, the beam spill can be synchronized to occur when the chopper has the correct azimuthal position.
RCS and Chopper Phase Lock Circuit
A block diagram of the RCS chopper phase lock circuit is shown in Fig. 3 . It is not necessary for successful IPNS operation to have a perfect phase lock between the choppers and the RCS field. As indicated in Fig. 3 , beam can be extracted during time At at the crest of the sinusoidal B field. Tolerable limits for phase shift between a 1 vs chopper and the peak field of the RCS and the septum extraction magnet were measured. Little difference in extraction efficiency was observed within + 250 ps of the crest of the 30 Hz RCS field and within + 60 vs of the crest of the 278 Hz field of the septum magnet.
The time interval At during which the crest value of a sine wave of duration T stays within AP of its peak value P is: For the RCS with At = 500 vs and for the septum magnet with At = 120 vs,the field fluctuations are AP = 0.111% and AP = 0.548% respectively. Our design phase locks the RCS to within + 125 vs (At = 250 Ps) and the most critical chopper to within ± 0.5 vs to the stable oscillator. The circuit shown in Fig. 3 Fig. 3 , the reference pulse eref, Qccurring at time to, is stretched 2 ms and the zero crossing of the capacitor voltage is detected generating pulse ecp.
Of the two input pulses shown in

2.
The 2 ms pulse eref goes through two time delays. One gives an add and the other a subtract pulse. These pulses are spaced by 250 vs to form a window which is delayed from to by 2.334 ms; this window sets the operating point on the resonant curve.
3.
The circuit is in standby if ecp is within the 250 vs window.
4.
If ecp coincides with the add pulse, the add counter will count up one count. When the counter reaches hardwired flip flops (FF's) it will set them sequentially. The setting or resetting ofan FF will reset both the add and subtract counters.
5.
If pulse e coincides with the subtract pulse, the subtracH counter will count up one count.
When the counter reaches hardwired FF's it will reset them sequentially.
6.
Whenan FF is set, it picks up a relay that closes a contactor which in turn will add a trimming capacitor to the resonant circuit.
7.
Whenan FF is reset it drops out a relay which will open a contactor subtracting a trimming capacitor.
8.
The smallest capacitor value is always added or subtracted first. Therefore, the size of trimming capacitance increases as the number of counts increase.
As indicated on the resonant curve in Fig. 4 , the network operates slightly detuned. We found, experimentally, that operation was more stable if we located the 250 ps window on the capacitive side of the resonant curve; it is not necessary to operate at resonance as long as the power supply can drive the desired magnet current. The RCS Power Supply Regulator
The magnet current shown in Fig. 1 must be repeated within ± 0.02%. This is accomplished with the regulator shown in Fig. 5 . It consists of a fast acting voltage loop controlled by the sum of two current loops.
As shown in Fig. 5, an Beam is injected into the synchrotron when the current is at its minimum and ejected 16.66 ms later when the current is at its maximum. Therefore, the regulator was designed to maintain the minimum current of Ib = 1000 A and the ac peak-to-peak current of 2Iac = 2600 A. These current settings are independently adjustable and compared with dc reference levels regulated to 0.005%. 
